Abstract. The role of stratified shear instability in maintaining the deep cycle of turbulence immediately below the equatorial mixed layer is examined by means of linear stability analysis. The Taylor-Goldstein equation is solved numerically, using observed currents and stratification from the Tropical Instability Wave Experiment (TIWE). Multiple unstable modes are found, each associated with a local minimum of the gradient Richardson number. Wave radiation due to the unstable modes fluxes momentum downward through the Equatorial Undercurrent. The frequency, wavelength and propagation direction of the unstable modes are consistent with those estimated from observations of internal waves made during TIWE. These results, in combination with the previous observation that the internal waves are closely associated with deep cycle turbulence, lead us to conclude that shear instability is a dominant factor in the generation of the deep cycle.
Background Shear and Stratification
For the purpose of linear stability analysis, we define the "background flow" using hourly averaged profiles of currents and density measured by the ADCP and Chameleon, respectively. (This choice is discussed in detail in section 4.1.) In this section, we discuss the Figure 2c) . Also, note the brief shear episode that began at hour 5 near 50 m depth. We will see that this episode led to intense shear instability. The strongest density stratification was found in the core of the EUC (Figure 3a) . We consider the three-dimensional (3-D) Taylor At the ocean surface, we require the vertical velocity of the perturbation to be zero. A radiation boundary condition is imposed at the lower boundary (located at 200 m depth for the present study), so that waves generated at the shear layer can propagate downward into the thermocline (appendix B). The Taylor-Goldstein equation and the boundary conditions constitute an eigenvalue problem which implicitly defines the dispersion relation c -c(K) or, equivalently, w -w(k, 1).
Numerical Methods
We apply a shooting method [Press et al., 1992 ] to solve the eigenvalue problem, similar to that used by Hazel [1972] . We modified it to account for the complexity of the background profiles used here. This shooting method integrates (2) from one boundary to the other, using a fifth-order adaptive step-size RungeKutta scheme. For given values of n and 0, as well as an initial guess for c, it tries to match the boundary condition at the other boundary by adjusting the value of c. It thus defines a matching function with c being the independent variable. A globally convergent Newton's method is utilized to locate the complex eigenvalue c.
Basic States for the Linear Stability Analyses
Stability analysis via the Taylor-Goldstein equation requires that we specify a steady, parallel shear flow to represent the basic state. This is problematical, since such a flow is an idealization that does not occur in nature. In our case, the observed flow consists of a complicated superposition of horizontal flow plus internal waves and turbulence. Our goal is to isolate the verti-cally sheared, horizontal flow associated with the largescale equatorial current system in order to see whether its unstable modes can shed light on the physics of the observed waves and turbulence. We must therefore apply a decomposition operation to the measured currents and density. The choice we make is a 1-hour running time average (combined with vertical smoothing to be described below). $myth and Peltier [1994] and resulted in less than 10% differences in computed growth rates. The computation converges faster than other cubic spline schemes for natural splines, presumably because of its smooth second-order derivatives Uzz and Vzz.
The lower boundary is set at 200 m depth in this study, which is the deepest depth of the microstructure profiles. We have also calculated the stability solution with the lower boundary at 500 m depth, using information from CTD casts. Results are similar to the case when the boundary is at 200 m depth; the growth rates of the fastest growing modes differ by less than 1%.
Range of Wavenumbers
Our objective is to obtain the eigenvalue c for given wavenumbers. 
Detailed Study of Unstable Modes from a Single Hour
We first investigate the unstable modes for one hour in detail, then we summarize the general properties of unstable modes for every hour of November 9, 1991 (calendar day 313). The growth rate is a maximum at Hour 5 (2000 local time). Owing to incomplete data at hour 5, we choose hour 6 (the hour with the second largest growth rate) as a focus for detailed study in the remainder of this section. In the surface mixed layer, Ri dropped to nearly zero, and reduced shear was large, suggesting strong instability. However, instability can be damped by boundary proximity effects [Hazel, 1972] . That appears to be the Variable A is the wavelength of the unstable mode, 0 is the direction of its propagation, and v•i is the growth rate. Te is the corresponding e-folding time. Variable c• is the real part of the complex phase speed, v•r is the frequency of unstable mode relative to the ground, zc is the depth of critical level, and zR is the depth of local Ri minimum nearest to the critical level of each unstable mode. tion, the 1-hour averaging process that we use to remove waves from the background flow tends to smooth vertical gradients. The usual result of this smoothing is to raise Ri (or lower the reduced shear), and thus to reduce the growth rates [e.g. Polzin, 1996] . In the profiles we study, instability was sufficiently strong that stabilization by smoothing of background profiles was not a dominant factor. Nevertheless, our estimates of growth rates are likely to be on the low side. 
Mean Profiles During

Variability of Shear Instability Over a 24-hour Period
We now examine the stability characteristics of the upper ocean during a 24-hour period, which includes the single hour considered in detail already (Figure 9 ).
Since there were no microstructure measurements during hour 5, we interpolated the background density profile from the two neighboring hours (velocity data were available from the ADCP). This case produced the most unstable mode for the 24-hour period. To be sure that the averaging of the density profiles had not introduced artificial effects in the stability analysis, we repeated the calculations using the density profile of hour 4 alone then repeated the calculations using the hour 6 profile. The fastest growing modes calculated using the density profiles of hours 4 and 6 differ by only 2-4% from that of calculations using the interpolated density profile. This assures us that hour-to-hour changes in stability properties are governed mostly by changes in shear, so that approximation of the missing density profile does not give misleading results. We organize our results by defining four regimes of instability, based on the zonal current structure (see Figure 9c ).
1. Nearest the surface, the westward flowing SEC was unstable throughout hours 6-11 then became stable as local Ri increased above 1/4. We refer to this instability of the near-surface region (i.e. to unstable modes having critical levels in this layer) as "mode 1" (cf. Section 5.2).
Mode 1, by definition, has zonal phase velocity directed to the west (Figure 10b) . In section 7 we will show that An especially energetic wave event was recorded by both thermistor chains during hours 7, 8, and 9 (Figure 1) . Levine and Moum (manuscript in preparation, 1998) studied this wave packet in detail and estimated its frequency to be about 5 cph in the reference frame of the moving ship. A wave packet was simultaneously observed by a nearby mooring [Lien et al., 1996] . The estimated frequency from the mooring was 2-3 cph. Assuming the waves observed were instability waves triggered by random perturbations, we compare the frequencies of our unstable modes as seen by a stationary observer and as seen from the ship's reference frame with the observations. Data needed for this comparison are summarized in Table 2 . We will consider modes I and 2 in turn. Mode I at hour 9 has frequency 3.3 cph in the reference frame of the Earth, which becomes 4.2 cph in the reference frame of the moving ship. These frequencies compare well with the observations. However, T chain records show similar wavelike activity during the previous hour. The shallow mode at hour 8 has frequency 3.2 cph in the Earth frame, but in the ship's frame this becomes 2.4 cph, a poor fit to the observation. During hours 6 and 7, however, the calculated frequencies of mode I agree well with the observations. The frequencies in the Earth's frame are 3.6 and 3.4 cph for hours 6 and 7, respectively. They become 6.8 and 5.9 cph in the ship's frame. Because these instabilities grow with efolding times of the order of an hour, it is plausible that there will be a time lag of a few hours between the onset of instability and the observation of largeamplitude waves. On the whole, there appears to be a significant correspondence between mode I and the wavelike oscillations observed at the same time. 
Internal Waves Observed During Tropic
Heat 2 We have shown that shear instability is capable of generating coherent structure over large vertical extent, far beyond the zone of small Ri. This kind of The largest growth rate found in this study is 2.1 x 10 -3 s -1, which corresponds to an e-folding time of less than 8 min. The frequencies of these unstable modes are of the order of a few cycles per hour (Figure 10f) . The propagation directions of these unstable modes are mostly zonal (Figures 10b, 10c, 10d, and 10e) , with phase speeds between -0.3 and 0.4 m s -1. The wavelengths of unstable modes range from 100 to 400 m (Figure 10õ) . These wavelengths are a few times the depth of the shear zone, as would be expected on the basis of analysis of simpler profiles (see section 4.2). 
